Single-minded 1 (SIM1) mutations are one of the few known causes of nonsyndromic monogenic obesity in both humans and mice. Although the role of Sim1 in the formation of the hypothalamus has been described, its postdevelopmental, physiological functions have not been well established. Here we demonstrate that postnatal CNS deficiency of Sim1 is sufficient to cause hyperphagic obesity. We conditionally deleted Sim1 after birth using CaMKII-Cre (␣-calcium/calmodulin-dependent protein kinase II-Cre) lines to recombine a floxed Sim1 allele. Conditional Sim1 heterozygotes phenocopied germ line Sim1 heterozygotes, displaying hyperphagic obesity and increased length. We also generated viable conditional Sim1 homozygotes, demonstrating that adult Sim1 expression is not essential for mouse or neuron survival and revealing a dosage-dependent effect of Sim1 on obesity. Using stereological cell counting, we showed that the phenotype of both germ line heterozygotes and conditional Sim1 homozygotes was not attributable to global hypocellularity of the paraventricular nucleus (PVN) of the hypothalamus. We also used retrograde tract tracing to demonstrate that the PVN of germ line heterozygous mice projects normally to the dorsal vagal complex and the median eminence. Finally, we showed that conditional Sim1 homozygotes and germ line Sim1 heterozygotes exhibit a remarkable decrease in hypothalamic oxytocin (Oxt) and PVN melanocortin 4 receptor (Mc4r) mRNA. These results demonstrate that the role of Sim1 in feeding regulation is not limited to formation of the PVN or its projections and that the hyperphagic obesity in Sim1-deficient mice may be attributable to changes in the leptin-melanocortin-oxytocin pathway.
Introduction
Single-minded 1 (SIM1) encodes a hypothalamic transcription factor in the bHLH-PAS (basic helix-loop-helix-Per Arnt Sim) family (Ward et al., 1998) and is one of only a handful of genes associated with human monogenic obesity (Holder et al., 2000; Farooqi and O'Rahilly, 2005) . Sim1 homozygous mice (Sim1 Ϫ/Ϫ ) die perinatally and lack anterior periventricular, paraventricular (PVN), and supraoptic (SON) hypothalamic nuclei (Michaud et al., 1998) because of failure of terminal migration and differentiation of the Sim1 neurons (Xu and Fan, 2007) . These nuclei, responsible for the production of multiple neuropeptides including oxytocin (Oxt), vasopressin, corticotropin-releasing hormone, thyrotropin-releasing hormone, and somatostatin, have long been implicated in energy balance from studies in multiple animal models (Heinbecker et al., 1944; Leibowitz et al., 1981) . Sim1 heterozygotes (Sim1 ϩ/Ϫ ) show hyperphagic obesity: they have increased lean and fat mass with increased body fat percentage (Michaud et al., 2001; Holder et al., 2004) as well as increased food intake and normal energy expenditure as evaluated by metabolic cage (Michaud et al., 2001; Kublaoui et al., 2006a) and pair-feeding studies (K. P. Tolson, T. Gemelli, and A. R. Zinn, unpublished data). Additionally, they have increased linear growth and enhanced susceptibility to dietinduced obesity (DIO) (Holder et al., 2004) , associated with defective melanocortin 4 receptor (Mc4r) signaling (Kublaoui et al., 2006a) . They also exhibit reduced hypothalamic Oxt expression (Kublaoui et al., 2008) and their phenotype is partially rescued by intracerebroventricular Oxt administration (Kublaoui et al., 2008) .
Whether the obesity phenotype of Sim1 ϩ/Ϫ mice is the result of a developmental or postdevelopmental hypothalamic defect is uncertain. Michaud et al. (2001) reported a mean reduction of 24% in the PVN cellularity of Sim1 ϩ/Ϫ mice and attributed their hyperphagic obesity to this congenital lesion of the hypothalamus. Using a Sim1-GFP reporter transgene, we found no difference in the number of Sim1-expressing cells in Sim1 ϩ/ϩ versus Sim1 ϩ/Ϫ mice (Kublaoui et al., 2006a) . Furthermore, we showed that Sim1 transgenic overexpression did not affect hypothalamic morphology but partially rescued C57BL/6 DIO as well as the hyperphagia and obesity of Agouti yellow mice, which have defective melanocortin signaling (Kublaoui et al., 2006b ). Yang et al. (2006) reported that viral-mediated changes in Sim1 hypothalamic expression in adult mice were inversely correlated with food intake, also supporting a physiological role for Sim1 in regulating food intake.
To dissociate the neuroanatomical and physiological functions of Sim1 in feeding regulation, we used two ␣-calcium/ calmodulin-dependent protein kinase II-Cre (CaMKII-Cre) lines, Cre93 and Cre159, to conditionally delete Sim1 in the postnatal brain (Minichiello et al., 1999; Rios et al., 2001) . We bred viable conditional postnatal CNS homozygous Sim1 knock-out mice and measured their growth and feeding behavior. We examined the cellularity of germ line Sim1 heterozygotes and conditional postnatal Sim1 homozygotes using unbiased stereology, as well as PVN projections to the hindbrain and median eminence (ME) in germ line Sim1 heterozygotes using retrograde tract tracing. We also assessed the hypothalamic expression of Sim1, Oxt, and Mc4r mRNAs in mice with conditional postnatal Sim1 deletion.
Materials and Methods
Animals and genotyping. Studies were performed in mice of mixed genetic background; therefore, littermates were used as controls for all experiments. Mice were group housed and maintained in a temperaturecontrolled room under a standard 12 h light/dark cycle with ad libitum access to water and low-fat (LF), low-phytoestrogen diet (Teklad Global Diet 2016) unless specifically indicated otherwise. All experimental protocols were approved by the University of Texas Southwestern Institutional Animal Care and Use Committee and are in accordance with accepted standards of humane animal care. Male and female C57BL/6 mice were obtained from the National Cancer Institute at 4 -5 weeks of age for breeding. Floxed Sim1 mice [The Jackson Laboratory (JAX) stock number 007570, Sim1 fl/fl ] were obtained as previously described (Holder et al., 2004) . EIIa-Cre mice were obtained from The Jackson Laboratory (stock number 003314) and exhibit early widespread Cre recombinase expression (Lakso et al., 1996) . ␣-Calcium/calmodulin-dependent protein kinase II-Cre (CaMKII-Cre) 93 and 159 lines were obtained from Rudolf Jaenisch (Whitehead Institute, Cambridge, MA) and have been previously described (Minichiello et al., 1999; Rios et al., 2001) . RosaeYFP (Srinivas et al., 2001 ) mice were obtained from The Jackson Laboratory (JAX stock number 006148).
Genomic DNAs were isolated from tail biopsies using HotSHOT as previously described (Truett et al., 2000) and postmortem liver biopsies using Wizard Genomic DNA Purification kit (Promega) and genotyped using PCR. The floxed Sim1 allele was detected using primers L2R, 5Ј-GAC TTT TCT TTC ATC GTG TCT CGG-3Ј, and Z1F, 5Ј-CAT TCG TGT CTT CCC GGA GCA AAC TTC-3Ј. The Rosa-eYFP transgene was detected using primers 2163 Rosa, 5Ј-GCG AAG AGT TTG TCC TCA ACC-3Ј; 2164 Rosa, 5Ј-GGA GCG GGA GAA ATG GAT ATG-3Ј; and 2165 Rosa, 5Ј-AAA GTC GCT CTG AGT TGT TAT-3Ј (http://jaxmice. jax.org/). Primers Cre800, 5Ј-GCT GCC ACG ACC AAG TGA CAG CAA TG-3Ј, and Cre1200, 5Ј-GTA GTT ATT CGG ATC ATC AGC TAC AC-3Ј (Holtwick et al., 2002) , were used to detect Cre transgenes with OL260, 5Ј-CAT ACT GCA TGT GTC TTG GTG GGC TGA GCC-3Ј, and OL261, 5Ј-GAA TCC TGT GCA ATA CTC ACC ACT CCA GGC-3Ј, as internal controls.
Growth and feeding studies. Mice were genotyped and weaned onto their respective diets at 3 weeks of age and fed ad libitum with either a LF, low-phytoestrogen diet (Global Diet 2016; Teklad; 3.2 kcal/g, with 56.0% available carbohydrate, 4.2% crude fat, and 16.7% crude protein) or a high-fat (HF) diet (D12492; Research Diets; 5.24 kcal/g, with 26.3g% available carbohydrate, 34.9g% available fat, and 26.2g% available protein). Mice of both sexes were group housed, except cohorts used to measure food intake, which were individually housed. To help reduce the stress of isolation, individually housed mice were provided with bedding and a nestlet. Large food pellets were selected weekly and small pellets removed to minimize spillage, and bedding was also checked for spillage. Within experiments, there were no differences in housing conditions of experimental versus control animals. Food consumption and body weight were measured weekly.
Tissue collection for immunostaining and stereology. For immunostaining and stereology, mice were deeply anesthetized with pentobarbital (7.5 mg/0.15 ml, i.p.) and transcardially perfused with 10 ml of heparinized saline (10 U/ml, 2 ml/min) followed by 10 ml of phosphate-buffered 4% paraformaldehyde (PFA). Brains were removed, postfixed for 24 h in 4% PFA, and then equilibrated in 30% sucrose in PBS for 72 h. Brains were coronally sectioned (35 m for immunostaining, 50 m for stereology) on a sliding microtome (Leica SM 2000R).
Immunohistochemistry. Immunohistochemistry was performed as described previously (Beuckmann et al., 2004; Kublaoui et al., 2006a Kublaoui et al., , 2008 . For enhanced yellow fluorescent protein (eYFP) labeling, 35 m coronal brain sections that had been stored in PBS at 4°C were permeabilized and blocked in 3% normal goat serum/0.3% Triton X-100 for 1 h and incubated at 4°C overnight in green fluorescent protein (GFP) antibody (FITC) (1:5000; ab6662; Abcam). Sections were placed in 4Ј,6-diamidino-2-phenylindole (DAPI) (0.2 g /ml; 236276; Roche) for 10 min and then mounted on plus coated slides and coverslipped using Vectashield (H-1000; Vector Laboratories). Images of sections containing PVN and SON were captured on an Olympus BX61 microscope using Cytovision software (Applied Imaging).
For diaminobenzidine tetrahydrochloride (DAB) staining of YFPpositive cells, brain sections were pretreated with 0.3% hydrogen peroxide in PBS for 30 min at room temperature and then blocked with 3% normal goat serum/0.3% Triton X-100/PBS for 2 h at room temperature. Sections were incubated overnight at 4°C with GFP rabbit primary antiserum (1:80,000; A6455; Invitrogen) in 0.3% Triton X-100/PBS. After washing in PBS, sections were incubated in biotinylated goat anti-rabbit secondary antibody diluted in 0.3% Triton X-100/PBS (1:600; BA-1000; Vector Laboratories) for 30 min and then washed in PBS, followed by horseradish peroxidase streptavidin diluted in 0.5% Triton X-100/PBS for 30 min (1:500; SA-5004; Vector Laboratories), both at room temperature. After washing in PBS, the sections were incubated in a solution of hydrogen peroxide charged DAB (DAB chromogen; Dako North America) in 0.05% Tris, pH 7.6, with nickel enhancement. Sections were mounted on plus coated slides, air-dried, dehydrated in graded ethanols, cleared in xylenes, and coverslipped with Permount (Thermo Fisher Scientific). Images of sections containing PVN and SON were captured on a Leica DM2000 with Microfire camera and PictureFrame 2.0 software (Optronics).
Stereological analyses. Nissl staining was performed as previously described (Gerfen, 2003) . Briefly, coronal sections (50 m) were mounted on plus coated slides and allowed to dry, and then incubated for 1 min in thionin solution, washed in water, dehydrated in graded ethanols, cleared in xylenes, and coverslipped with Permount (Thermo Fisher Scientific).
For stereological analyses, the PVN of Nissl-stained serial sections were outlined at low magnification (4ϫ; 0.16 numerical aperture; UPlanApo) on the live computer image as described previously (Chakraborty et al., 2008) and with the help of The Mouse Brain in Stereotaxic Coordinates (Paxinos and Franklin, 2001 ). The optical fractionator (West et al., 1991) was used to estimate the total number of cells in the regions of interest. A 100ϫ immersion oil, 1.3 numerical aperture objective (UPlanFI; Olympus) was used to achieve optimal optical sectioning during stereological analysis. All counts were done by the same investigator, who was blinded to the genotype of the mice. The Stereo Investigator, version 8, software (MicroBrightField) placed disector frames using a systematic-random design within each contour outlining a 70 ϫ 77 m grid to give ϳ10 counting frames per section, and the Nissl-stained cells were counted within 20 ϫ 20 m optical disectors in the x-y-axis. The final postprocessing thickness of the sections, as measured by the microcator, was on average 12 m, so the counting frame height was kept at 10 m for all sections studied to keep a 1 m guard zone. Bilateral PVN cell counts were estimated using the optical fractionator to count sections with periodicity n ϭ 2, and five to six serial sections from each brain were counted. The cell number estimates did not depend on a direct measure-ment of the volume of reference of the region considered because of the use of the optical fractionator, and therefore the shrinkage of the tissue during histological processing does not influence the precision of these estimates (Chakraborty et al., 2003) . On an average, 300 -500 cells were sampled in the PVN in each mouse. The coefficient of error (Gundersen, m ϭ 1) was 0.05 or less for all samples.
Quantitative analyses were performed using a computer assisted morphometry system consisting of an Olympus BX61 microscope equipped with an LEP XY computer/joystick controlled motorized stage (LUDL Electronic Products), a Microfire digital camera (Optronics), a Dell computer, and StereoInvestigator8 software.
Retrograde labeling of PVN neurons. To label PVN neurons that send monosynaptic projections to the dorsal vagal complex (DVC) (Saper et al., 1976) , mice were stereotactically injected with the retrograde tracer cholera toxin b subunit (CTb) (1% in 0.9% saline; List Biological Laboratories; product no. 104; lot no. 10427B1). Briefly, mice were anesthetized with ketamine HCl/xylazine HCl (80/12 mg/kg, i.p.) and restrained in a Kopf stereotaxic apparatus. A glass micropipette connected to an air pressure injector system was positioned via the stereotaxic manipulator. CTb was unilaterally injected into the DVC (ϩ0.16 from the obex, Ϯ0.23 mm lateral, Ϫ0.36 mm from the surface of the brainstem). After injection, the micropipette was removed and the incision was closed with surgical staples. Injection volume was 10 -50 nl, and there was no morbidity or mortality. Injection site was confirmed by immunostaining hindbrain sections, and there was no evidence of lesion.
To simultaneously label PVN neurons that send projections to the median eminence (Horvath, 1998) , the same mice received a single intraperitoneal injection of Fluoro-Gold (FG) (100 g/mouse in 0.9% saline; Fluorochrome).
Perfusion and histology for retrograde tract tracing. Seven days after surgery, mice were deeply anesthetized with chloral hydrate (500 mg/kg, i.p.), and then were perfused transcardially with 0.9% saline followed by 10% formalin (Sigma-Aldrich). The brain was removed, postfixed 2 h, and submerged in 20% sucrose overnight at 4°C. Coronal sections were cut at 25 m using a freezing microtome (1:5 series). Sections were collected in 0.1 M PBS, pH 7.4, transferred in a cryoprotectant solution, and stored at Ϫ20°C. After washing in PBS, brain sections were pretreated with 0.3% hydrogen peroxide in PBS for 15 min at room temperature. Sections were incubated overnight in a goat polyclonal antibody raised against CTb (1:50,000; List Biological Laboratories; product no. 703; lot no. 7032A3) in 3% normal donkey serum (Jackson ImmunoResearch Laboratories) with 0.25% Triton X-100 in PBS (PBT). This antibody has been validated to detect CTb-labeled neurons in the rat CNS (Füzesi et al., 2008) . Another series of sections were incubated in a rabbit polyclonal antibody raised against FG (1:20,000; Millipore Bioscience Research Reagents; catalog #AB153; lot no. LV1446350) in 3% normal donkey serum PBT. This antibody has been validated to detect FGlabeled neurons in the rat CNS (Kaufling et al., 2009) .
After washing in PBS, sections were incubated in biotinylated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories; catalog #711065152; lot no. 77648; 1:1000) or biotinylated donkey anti-goat IgG (Jackson ImmunoResearch Laboratories; catalog #705065147; lot no. 72100; 1:1000) for 1 h at room temperature, followed by a solution of ABC (Vectastain Elite ABC kit; Vector Laboratories; 1:1000) dissolved in PBS for 1 h. After washing in PBS, the sections were incubated in a solution of 0.04% diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide (Sigma-Aldrich). It resulted in the accumulation of punctate brown precipitate in the cytoplasm of retrogradely labeled neurons. DAB-labeled sections were mounted on gelatin-coated slides, air-dried, dehydrated in graded ethanols, cleared in xylenes, and coverslipped with Permaslip (Alban Scientific). DAB staining was viewed using an Axioskop2 microscope (Zeiss) using brightfield optics. Digital images were captured using an Axiocam digital camera and Axiovision 3.1 software (Zeiss).
Quantitative real-time PCR. Hypothalamic tissue for quantitative realtime PCR (qPCR) was collected as previously described (Kublaoui et al., 2006b ). Hypothalami were dissected from fresh brains with a mouse brain block (model PA 002; David Kopf Instruments), using the following landmarks: posteriorly, posterior aspect of median eminence; anteriorly, 5 mm anterior to the median eminence; dorsally, the thalamus; laterally, medial to the dentate gyrus. Total RNA was extracted using Tripure reagent (Roche Applied Science). cDNA was generated using an iScript cDNA Synthesis kit (Bio-Rad Laboratories).
Alternatively, tissue was isolated from the PVN using laser capture microdissection (LCM). Briefly, mice were killed and brains dissected manually and frozen immediately. The frozen brains were mounted in Tissue-Tek OCT 4583 compound (Sakura) and then were sectioned on a cryostat (Leica) to a thickness of 30 m. Sections were adhered to silane (2%)-treated glass membrane slides (Molecular Devices). Sections were prepared for 1 min in 70% EtOH and then dipped in water. Sections were stained with a filtered thionin solution for 2 min. Next, sections were rinsed and dehydrated with EtOH, and finally cleared with xylene for 5 min. All solutions were made with autoclaved 0.1% DEPC water. The PVN region was microdissected out of a series of 20 evenly spaced thionin-stained sections using a Veritas LCM system (Molecular Devices; Arcturus Bioscience). The collected tissue, adherent to the underside of the LCM cap, was then dissolved in digestion buffer (Stratagene) and frozen at Ϫ80°C. Later, RNA was extracted from these samples using the Picopure RNA isolation kit (Arcturus Bioscience). Approximately 20 evenly spaced sections were pooled to eliminate any potential rostrocaudal gene expression bias. Typical pools contained ϳ600 ng of RNA. Microdissected RNA was reverse transcribed using iScript (Bio-Rad) and then preamplified with TaqMan PreAmp Master Mix kit (Applied Biosystems).
Quantitative real-time PCR was performed using TaqMan Universal PCR Master Mix with an ABI 3700 instrument (Applied Biosystems). TaqMan assays were used to measure Sim1, Oxt, and Mc4r mRNA levels (Mm00441390_m1, Mm00726655_s1, and Mm00457483_s1; Applied Biosystems). For Mc4r, which does not contain an intron, a parallel experiment using mock reverse-transcribed samples from LCM tissue was used as a control for genomic DNA contamination and showed negligible PCR product. Mouse Gapdh (4352339E; Applied Biosystems) was the endogenous control used for normalization. Standard curves were generated using reference cDNA prepared from control mouse hypothalamus or PVN. All measurements were made in the exponential phase of the real-time PCR. Reactions were performed in triplicate and the results averaged. Results were analyzed using SDS 2.3 software (Applied Biosystems) and Microsoft Excel.
Statistical analysis. Data were analyzed using Microsoft Excel, Prism5 software (GraphPad Software), and SAS, version 9.2 (SAS Institute), and are presented as mean Ϯ SEM. Single comparisons at single points were made using unpaired, two-tailed Student's t test. Multiple comparisons at single points were performed using one-way ANOVA with Tukey's post hoc test. For body weight and food consumption, comparisons were made by mixed ANOVAs using the between-subjects factor of group and the within-subjects factor of week. In the presence of a significant interaction effect across time, comparison of differences between groups were made at individual times by using a Bonferroni post hoc test for multiple comparisons and Student's t test for single comparisons. Differences were considered statistically significant if p Ͻ 0.05.
Results

Validation of Cre-loxP Sim1 inactivation
Previously, germ line Sim1 heterozygous mice were generated using a floxed Sim1 allele that contained three loxP sites and a pGK-Neo cassette crossed with an EIIa-Cre transgene (Holder et al., 2004) . From the same floxed Sim1 line, a two loxP allele was created by excising the pGK-Neo cassette. These two loxP sites flank the first exon of Sim1, which contains the start codon and the first 17 amino acids of Sim1.
To confirm that recombination of this floxed Sim1 allele would recapitulate a Sim1-null allele, we used an ubiquitously expressed EIIa-Cre to achieve germ line deletion and studied the progeny. Three-week-old mice were weaned onto a high-fat diet containing ϳ35g% dietary fat (HF), allowed to feed ad libitum, and weighed weekly (Fig. 1 A, B) (males: F (1,26) ϭ 85.71, p Ͻ 0.0001; females: F (1,19) ϭ 41.68, p Ͻ 0.0001). After 1 week on the HF diet, both male and female Sim1 heterozygotes weighed significantly more than their controls (males: p ϭ 0.02; females: p ϭ 0.02). At 8 weeks of age, Sim1 heterozygous males weighed 44% more (Fig. 1 A) and Sim1 heterozygous females weighed 73% more (Fig. 1 B) than control littermates on the HF diet. Similar sex differences have been observed previously (Holder et al., 2004) . Heterozygotes of either sex continued to gain weight until the experiment was terminated at 12 weeks of age. PCR showed that the recombined floxed Sim1 allele was the expected size (Fig.  1C) ; the 371 bp band shows the wild-type allele and the 160 bp band shows the recombined allele. These results recapitulated the previously reported phenotype of Sim1 heterozygotes (Holder et al., 2004) , confirming the utility of the floxed Sim1 allele.
Expression of CaMKII-Cre in the PVN and SON
To conditionally delete Sim1 postnatally, we obtained two CaMKII-Cre lines that have been previously described, CaMKIICre93 and CaMKII-Cre159, hereafter referred to as Cre93 and Cre159 (Minichiello et al., 1999; Rios et al., 2001) . In both of these lines, the Cre transgene expression is driven by the CaMKII promoter, which is expressed in postmitotic neurons (Minichiello et al., 1999) . Cre93 was reported to begin expression shortly after birth with wide activation at postnatal day 21 (P21) (Rios et al., 2001) , and Cre159 expression was not reported until after P15, with full recombination occurring around P28 (Minichiello et al., 1999; Rios et al., 2001) . Both lines showed transgene expression in the hypothalamus, but the PVN and SON were not specifically examined at the time.
To confirm expression of the Cre transgene in these hypothalamic nuclei, both lines were crossed to a Rosa26-eYFP line, which contains a STOP cassette flanked by loxP sites inserted between the Rosa26 promoter and enhanced yellow fluorescent protein (eYFP) and therefore expresses eYFP only in cells producing Cre recombinase (Srinivas et al., 2001 ). We then performed immunohistochemistry on adult progeny to detect eYFP in the PVN and SON. Cre93, Rosa26-eYFP double transgenic mice exhibited strong staining in the PVN as well as the SON in both males and females (Fig. 2 A-D) . Cre159, Rosa26-eYFP double transgenic mice also showed staining in the PVN (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material) in both sexes, although it was not as strong as the Cre93 staining, and staining in the SON was negligible (data not shown). Some eYFP expression at P10 was also noted (data not shown), which is earlier than the previously reported start of expression at P15 (Minichiello et al., 1999; Rios et al., 2001 ), but still well after the formation of the PVN and SON.
Growth and feeding behavior of conditional postnatal Sim1 heterozygous mice Some Cre transgenes cause weight phenotypes themselves (Schmidt-Supprian and Rajewsky, 2007). To control for possible effects of the Cre93 and 159 transgenes on weight, 3-week-old transgenic mice were weaned onto a low fat diet (LF). Cre93 mice and wild-type littermates were weighed weekly from age 9 -18 weeks (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material) (males: F (1,6) ϭ 0.06, p ϭ 0.8162; females: F (1,4) ϭ 0.75, p ϭ 0.4359), with no observable difference in weight. Cre159 mice and wild-type littermates were weighed every 3 weeks from age 9 to 18 weeks (supplemental Fig. 2C ,D, available at www.jneurosci.org as supplemental material) (males: F (1,20) ϭ 0.03, p ϭ 0.8560; females: F (1,16) ϭ 1.91, p ϭ 0.1858), also with no observable difference in weight.
To achieve conditional postnatal Sim1 heterozygous deletion, we first crossed the floxed Sim1 mice (Sim1 fl / fl ) to the Cre93 line. Genotyping of tail and liver biopsies of progeny (data not shown) confirmed the absence of germ line recombination caused by aberrant transgene expression ("delta effect"). Three-week-old progeny were weaned onto a HF diet and weighed weekly (Fig.  3 A, B) (males: F (1,25) ϭ 23.54, p Ͻ 0.0001; females: F (1,12) ϭ 25.88, p Ͻ 0.0005). After 2 weeks on the HF diet, both male and female heterozygotes (cHet93: Cre93, Sim1 ϩ/fl ) weighed significantly more than their littermate controls (males: p ϭ 0.002; females: p ϭ 0.006). At 8 weeks of age, heterozygous males weighed 23% more (Fig. 3A) and heterozygous females weighed 36% more (Fig. 3B ) than control littermates on the HF diet. Heterozygotes of either sex continued to gain weight until the experiment was terminated at 12 weeks of age. To determine whether the obesity of the cHet93 mice was attributable to hyperphagia, male cHet93 mice and littermate controls were weaned at 3 weeks on a LF diet and individually housed, and their body weights and food intakes were measured weekly. cHet93 mice also became significantly obese (Fig. 4 A) (F (3,37) ϭ 17.18; p Ͻ 0.0001) and hyperphagic by 4 weeks of age (Fig. 4 B) (F (3,37) ϭ 20.77; p Ͻ 0.0001) on a LF diet. The cumulative excess food intake by cHet93 mice was an average of 80 g per mouse over the 9 week period they were monitored. Additionally, measurements of the Cre93 ϩ and Sim1 ϩ/fl littermates confirmed that, in the absence of Sim1 recombination, neither the Cre transgene nor the floxed Sim1 allele caused weight or feeding differences.
Effects of conditional postnatal homozygous deletion of Sim1 on body weight, length, food intake, and gross appearance Conventional homozygous inactivation of Sim1 results in death shortly after birth (Michaud et al., 2001; Holder et al., 2004) . To determine whether conditional postnatal homozygous Sim1 inactivation also results in lethality, we generated cKO mice (Cre, Sim1 fl/fl ) by crossing cHet mice with Sim1 fl/fl mice. Male cHet mice caused aberrant germ line recombination in their progeny, so only the progeny of female cHet mice were used. Genotyping of tail biopsies or postmortem livers (data not shown) confirmed the absence of germ line recombination in these progeny.
Conditional postnatal Sim1 homozygotes created with the Cre93 transgene (cKO93: Cre93, Sim1 fl/fl ) were viable and showed no visible signs of illness. Sim1 has been suggested to act in a dose-dependent manner (Kublaoui et al., 2006b ), so we weaned cKO93, cHet93, and littermate controls at 3 weeks of age onto a LF diet and measured their body weights weekly. cKO93 mice developed even more severe obesity than cHet93 mice (Fig. 5A) (F (2,15) ϭ 18.97; p Ͻ 0.0001) and exhibited increased length (Fig. 5B ) (F (2,16) ϭ 7.27; p ϭ 0.0057). A similar, but less dramatic weight phenotype was observed in cKO159 (cKO159: Cre159, Sim1 fl/fl ) and cHet159 (cHet159: Cre93, Sim1 ϩ/fl ) mice on a LF diet (supplemental Fig. 3 A, B , available at www.jneurosci.org as supplemental material) (males: F (2,18) ϭ 5.87, p ϭ 0.0109; females: F (2,42) ϭ 4.85, p ϭ 0.0128).
To determine whether the obesity of cKO93 mice was attributable to hyperphagia, mice were weaned at 3 weeks of age onto a LF diet and housed individually, and their food intake and body weights were measured weekly. The mice exhibited hyperphagia before becoming grossly obese (Fig. 6 A) , with male cKO93 mice consuming ϳ25% more calories per week (F (12,12) ϭ 1.402; p Ͻ 0.0001) and female cKO93 mice consuming ϳ40% more calories per week (F (6,15) ϭ 5.03; p Ͻ 0.0001) than littermate controls. The obesity phenotype was clearly observable at age 12 weeks on the LF diet (Fig. 6 B) .
Stereological counting of PVN cells in germ line Sim1 heterozygotes and conditional postnatal Sim1 homozygotes
We used unbiased stereological analyses to determine whether a reduction in cellularity of the PVN accounts for the hyperphagic obesity of Sim1 ϩ/Ϫ or cKO93 mice. There was no statistically significant difference in the number of Nissl-stained cells in the PVN of wild-type versus germ line Sim1 heterozygotes (Fig. 7) (F (5,4) ϭ 1.171; p ϭ 0.2433), which is in agreement with our previous results using nonstereological methods (Kublaoui et al., 2006a) . Additionally, there was no statistically significant difference in the number of PVN cells between controls versus cKO93 )afterbeingweanedontohighfat at 3 weeks of age. Mice were group housed with the same sex and weighed weekly [males (cHet93, n ϭ 12; control, n ϭ 15); females (cHet93, n ϭ 7; control, n ϭ 7)]. Error bars indicate SEM.
( Fig. 7) (F (4,4) ϭ 1.314; p ϭ 0.0952). Thus, a gross loss of PVN neurons did not explain the hyperphagic obesity observed in these mice.
Retrograde tract tracing in germ line Sim1 heterozygotes
Another possible cause of the hyperphagic obesity of Sim1 ϩ/Ϫ mice is faulty development of projections of PVN Sim1 neurons to the hindbrain or the ME. To test this possibility, we used retrograde tract tracing to examine these projections in adult mice. Projections to the ME were traced using Fluoro-Gold ( Conditional postnatal heterozygotes on a low-fat diet. A, Growth curves of male conditional heterozygotes on a low-fat diet. B, Weekly food intake of male cHet93 mice on a low-fat diet (cHet93, n ϭ 7; Cre93 ϩ , n ϭ 7; Sim1 ϩ/fl , n ϭ 17; Sim1 ϩ/ϩ , n ϭ 10). Mice were individually housed to monitor food intake and weight weekly. Error bars indicate SEM. Figure 6 . Food intake and gross appearance of postnatal conditional Sim1 homozygotes on a low-fat diet. A, Weekly food intake of cKO93 male and female mice at 6 weeks of age on a low-fat diet compared with control littermates (males: cKO93, n ϭ 13; control, n ϭ 13; females: cKO93, n ϭ 7; control, n ϭ 16). B, Gross appearance of control littermates and cKO93 female mice on a low-fat diet at 12 weeks of age (left, control; right, cKO93). Mice were individually housed to monitor food intake and weight weekly. ***p Ͻ 0.001. Error bars indicate SEM. , n ϭ 6; control, n ϭ 5; cKO93, n ϭ 5). WT versus Sim1 ϩ/Ϫ , p ϭ 0.2433; control versus cKO93, p ϭ 0.0952. All counting was done by the same investigator, who was blinded to the genotypes of the mice. WT, Wild type.
8 A-D) and tracing from the DVC was accomplished by using the cholera toxin b subunit (Fig. 8 E-H ) . The results clearly demonstrated the presence of intact projections from the PVN to the DVC and ME that were qualitatively indistinguishable from those seen in wild-type controls. We did not attempt to quantitate projections because of injection site variability.
Expression of Sim1, Oxt, and Mc4r mRNAs in conditional postnatal Sim1 inactivation As no suitable antibodies are available for Sim1 immunohistochemistry, we assessed the efficiency of Sim1 recombination in the conditional postnatal Sim1 heterozygotes and homozygotes by measuring hypothalamic Sim1 mRNA levels. We found Sim1 to be reduced by ϳ60% in cHet93 and Ͼ90% in cKO93 (Fig. 9A ) (F (2,13) ϭ 22.58; p Ͻ 0.0001) compared with control littermates. The Cre159 transgene showed a more moderate reduction of Sim1 mRNA of ϳ30% in the cHet159 and ϳ40% in the cKO159 (supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material) (F (2,5) ϭ 47.77; p ϭ 0.0006) compared with controls, probably accounting for the less severe weight phenotypes observed in these mice.
As oxytocin has been implicated in the hyperphagic obesity of Sim1 ϩ/Ϫ mice (Kublaoui et al., 2008) , we also used qPCR to measure Oxt levels. The amount of Oxt reduction correlated with Sim1 reduction: Oxt expression was reduced in the cHet93 by ϳ50% and the cKO93 by ϳ90% (Fig. 9B) (F (2,13) ϭ 49.86; p Ͻ 0.0001), and in the cHet159 by ϳ30% and the cKO159 by ϳ40% (supplemental Fig. 4 B, available at www.jneurosci.org as supplemental material) (F (2,5) ϭ 7.17; p ϭ 0.0339), all compared with their respective control littermates.
We previously reported that Mc4r expression in the whole hypothalamus was not decreased in Sim1 heterozygotes (Holder et al., 2004) . However, we observed a trend toward decreased Mc4r expression in the whole hypothalamus of the cKO93 compared with controls that was not statistically significant (data not shown). Using laser capture microdissection to isolate the PVN, we saw a significant decrease in Mc4r expression in both germ line Sim1 heterozygotes (30%) as well as cKO93 (70%) (Fig. 9C) 
Discussion
Evidence for both developmental (Michaud et al., 1998 (Michaud et al., , 2001 ) and postdevelopmental (Kublaoui et al., 2006b; Yang et al., 2006) roles for Sim1 exist; to determine their relative importance for feeding regulation, we took advantage of CaMKII-Cre expression in postmitotic neurons to generate conditional postnatal Sim1-deficient mice. The results of our studies strongly support a postnatal role for Sim1 in feeding regulation.
As some Cre transgenes have been reported to cause weight phenotypes (SchmidtSupprian and Rajewsky, 2007) , it was important for us to confirm that neither of the Cre lines used would confound our results. We collected weight curves of mice carrying the Cre93 and 159 transgenes compared with their wild-type littermates out to 18 weeks, which is older than the ages of the mice used in the conditional Sim1 knock-out experiments. Additionally, we included Cre-positive, loxP-negative controls in our conditional experiments. None of our Cre transgenes had a significant effect on any parameters that we measured.
The sex differences in some of our results are consistent with commonly observed differences between male and female responses; many studies have shown variance in response to highfat diets, regulation of the neuropeptide Y signaling system in the hypothalamus, and leptin levels (Kennedy et al., 1997; Zammaretti et al., 2007; Huang et al., 2008; Hwang et al., 2009 ). Although there is not a clear-cut explanation for these differences, sex hormone levels may be involved.
Given the incomplete efficiency of conditional gene inactivation in most Cre-loxP systems, including Cre159 (Minichiello et al., 1999) , and the fact that these experiments were conducted on mice of mixed background, the conditional deletion of Sim1 with Cre93 and 159 exhibited a robust phenotype. The development of early-onset obesity even on a low-fat diet suggests that the hyperphagic obesity of Sim1-deficient mice is mostly, if not entirely, attributable to a physiological effect of Sim1 haploinsufficiency rather than a fixed developmental defect. Additionally, we were successful in creating viable conditional Sim1 homozygous mice lacking Ͼ90% of Sim1 expression. The severity of hyperphagic obesity correlated with the reduction of Sim1 expression in conditional heterozygotes versus homozygotes and in Cre93 versus Cre159 progeny, corroborating our previous inference from studies of germ line heterozygotes and Sim1-overexpressing transgenics that Sim1 has dose-dependent effects (Holder et al., 2004; Kublaoui et al., 2006b ).
Whether or not the PVN of Sim1 heterozygous mice is hypocellular is contested. Conventional Sim1 homozygous knock-out mice lack the PVN and SON and die shortly after birth (Michaud al., 1998) . Although the absence of these nuclei in these mice was originally attributed to cell death or fate switching (Michaud et al., 1998) , Xu and Fan (2007) since showed that the Sim1 Ϫ/Ϫ neurons survive until birth but do not properly migrate. As germ line Sim1 homozygous mice do not survive postnatally, they were unable to determine the survival of Sim1 neurons beyond birth. Michaud et al. (2001) reported that germ line Sim1 heterozygous mice showed a 24% decrease in cellularity, but our data did not show a decrease in the number of Sim1-expressing neurons (Kublaoui et al., 2006a) . Although the differing findings could represent genetic background effects, neither our previous data nor those of Michaud et al. were corrected for double-counting [e.g., by the method of Abercrombie (Abercrombie and Johnson, 1946) or by using a stereological technique (Coggeshall and Lekan, 1996) ]. Our cKO93 mice allowed us to examine whether ongoing Sim1 expression is needed for the survival of PVN neurons into adulthood as well as to further address the relationship between PVN cellularity and hyperphagic obesity in Sim1-deficient mice. Any reduction in PVN cellularity in conventional Sim1 heterozygotes would be expected to be magnified in cKO93 mice. Using unbiased stereological analysis, we show that neither conventional Sim1 heterozygotes nor conditional Sim1 homozygotes have significant hypocellularity. We cannot rule out a small, selective deficit of a subpopulation of PVN neurons, but as all PVN neurons are affected in Sim1 Ϫ/Ϫ mice, we consider this possibility unlikely. The PVN cell count in adult cKO93 mice argues that hypocellularity is not the mechanism of hyperphagia in Sim1 deficiency and dissociates the hyperphagic obesity of these mice from the formation of the PVN.
Another possible developmental defect that could cause the hyperphagia of these mice is the abnormal development of PVN neuronal projections. Neurogenesis of the mouse and rat PVN is completed by 13-15 d postcoitum, 8 -10 d before birth (Angevine, 1970; Shimada and Nakamura, 1973; Karim and Sloper, 1980) , and therefore before the expression of our Cre93 and 159 lines. However, PVN neuronal projections-in particular, oxytocinergic neurons projecting to the nucleus tractus solitarius (NTS)-continue to develop postnatally. Data from mice are not available, but in rats, the development of PVN to hindbrain projections (for review, see Rinaman, 2006 ) is completed by postnatal day 20. We examined the projections from the PVN to the hindbrain as well as the ME in conventional Sim1 heterozygotes and wild-type littermates and saw no qualitative difference. Together with the results from the conditional heterozygotes and homozygotes, these results argue strongly that the hyperphagic obesity of these mice is not attributable to a fixed developmental defect (Michaud et al., 2001) and support the hypothesis that Sim1 plays a physiological role in feeding regulation (Kublaoui et al., 2006a,b; Yang et al., 2006) .
Sim1 is closely associated evolutionarily with oxytocin neurons (Eaton and Glasgow, 2006) . The previous observation of reduced Oxt expression in Sim1 heterozygotes (Kublaoui et al., 2008) was reproduced in mice with conditional postnatal Sim1 deficiency. The present findings show that the amount of Sim1 reduction correlates with the amount of Oxt reduction, which in turn correlates with the severity of hyperphagic obesity. These results support previous findings indicating the importance of Oxt deficiency in mediating the phenotype of Sim1-deficient mice (Kublaoui et al., 2008) . Although the most likely cause of the differing severity of obesity between the cKO93 and cKO159 mice is the difference in the levels of Sim1 and Oxt reduction, we cannot rule out the possibility that later expression of the Cre159 line could also be a factor.
We previously showed that PVN neurons of Sim1 ϩ/Ϫ mice are hyporesponsive to melanotan II (MTII), a Mc3r/Mc4r agonist (Kublaoui et al., 2006a) , with no reduction of Mc4r expression in whole hypothalamus of these mice (Holder et al., 2004) . However, in the present study using LCM to isolate the PVN, we found that Mc4r expression was decreased by Ͼ30% in Sim1 ϩ/Ϫ mice and Ͼ70% in cKO93 compared with their respective control littermates. To our knowledge, this is the first time that another gene has been shown to affect Mc4r expression.
It is notable that decreased Mc4r expression is consistent with our previous data showing resistance of Sim1 heterozygous mice to the effect of MTII on food intake as well as c-Fos activation in the PVN (Kublaoui et al., 2006a) . Although the decrease in PVN Mc4r expression is intriguing, we do not yet know whether this deficiency is partially or fully responsible for the obesity phenotype of Sim1-deficient mice. Inactivation of Mecp2 in Sim1 neu- rons is sufficient to cause hyperphagic obesity without a decrease in Mc4r (Fyffe et al., 2008) , but it has also been demonstrated that Mc4r expression in Sim1 neurons controls food intake (Balthasar et al., 2005 (Blevins et al., 2003 (Blevins et al., , 2004 . In addition, we showed that intracerebroventricular replacement of Oxt rescued the hyperphagia of Sim1 heterozygous mice (Kublaoui et al., 2008) . It is unclear whether Mc4r activation and Oxt expression and activity are in a linear pathway, or whether they function in parallel, and if so, which pathway is the predominant cause of the hyperphagic obesity of Sim1-deficient mice.
Whether these decreases in Oxt and Mc4r represent defects in specific signaling pathways or are part of a global dysfunction of these neurons has yet to be determined. Neither gene has been shown to be a direct transcriptional target of Sim1 (Liu et al., 2003) . The previously observed abnormal response of PVN neurons in Sim1 ϩ/Ϫ mice to MTII but not to hypertonic saline (Kublaoui et al., 2006a) suggests a selective defect. However, it is possible that Sim1 is required to maintain the differentiated gene expression program of PVN neurons, and, as with neuroanatomic lesions (Heinbecker et al., 1944; Leibowitz et al., 1981) , the predominant phenotypic effect of global PVN dysfunction is a change in feeding regulation. Additional neuroendocrine studies of conditional Sim1 homozygotes are needed to resolve this issue.
Regardless of the specific mechanism(s) by which Sim1 deficiency causes hyperphagia, our results corroborate previous findings that Sim1 acts postnatally in a dosage-sensitive manner to regulate feeding (Yang et al., 2006) . Sim1 and its yet to be identified transcriptional target genes are thus potential targets for pharmacological agents for the treatment obesity. Importantly, Sim1 neurons in the PVN (and/or possibly amygdala) that express Mc4r regulate food intake but not energy expenditure, and the predominant phenotype of Sim1 deficiency appears to be hyperphagia. Therefore, targeting Sim1 neurons for appetite suppression may have fewer side effects than other therapeutic strategies.
